This paper investigates the effect of incorporation of lightweight aggregate and foam in the preparation of lightweight aggregate geopolymer concrete (LWAGC) and lightweight aggregate foamed geopolymer concrete (LWAFGC). The geopolymer paste was formed by alkali activation of Class F fly ash in mixture of sodium silicate and sodium hydroxide solution. LWAGC was incorporated with expanded clay lightweight aggregate and river sand while hydrogen peroxide was added as foaming agent for LWAFGC. Results showed that LWAGC and LWAFGC achieved an excellent 28-day compressive strength of 60 MPa and 20 MPa, respectively. The bulk densities were 1815 kg/m 3 for LWAGC and 1593 kg/m 3 for LWAFGC. Even so, low thermal conductivity of 0.12 W/mK and 0.09 W/mK were reported. It was concluded that the joint effect of lightweight aggregate and foam produced geopolymer concrete with good mechanical strength while having excellent thermal insulating properties. The geopolymer concretes possessed high strength-to-density ratio to be regarded as lightweight high-performance structures.
Geopolymers are formed by alkali activation of aluminosilicate materials under alkaline condition. The aluminosilicate source rich in Si and Al contents could be waste materials (e.g. ashes [1, 2] ) or natural sources (e.g. metakaolin [3] , kaolin [4] ). On the other hand, high calcium source materials such as slags [5] and class C ashes [6] can also be used as precursor material. The alkaline solution comprises alkali hydroxide and alkali silicates. During the geopolymerization reaction, the alkaline solution dissolves the Al 3+ and Si 4+ (and Ca 2+ ions in case of high calcium raw material) ions from raw material followed by reorganization, gelation and finally hardening to form hard solid. Sodium aluminosilicate hydrate (NASH) is formed in Si-and Al-rich precursor materials while heterogeneous matrix of NASH, calcium aluminosilicate hydrate (CASH) and/or calcium silicate hydrate (CSH) is formed in geopolymer based on high calcium precursor material [7, 8] .
Geopolymers can be added with fine aggregates and coarse aggregates to produce geopolymer concretes. Lightweight concretes are becoming important construction materials owing to their lighter structure which reduces dead load of the structure, ease and less cost in transportation and lessens the cost of construction [9] . Besides, lesser raw materials used in the formation of lightweight concretes also contribute to sustainable characteristic which conserves the environment. The advantages of lightweight concretes are high strength to weight ratio, superior thermal insulation and acoustic properties. They are mostly used in construction of pavements, bridge and roof deck, partition and wall panels, masonry block and bricks and precast concrete units [10] [11] [12] [13] .
* email: ymliew@unimap.edu.my; sav@tuiasi.ro; bayuaji@ce.its.ac.id; mustafa_albakri@unimap.edu.my Based on American Concrete Institute (ACI) [14] , lightweight concretes are categorized into three classes with unit weight less than 1840 kg/m 3 . Class I defines structural lightweight concrete with density in the range of 1440 -1840 kg/m 3 , a minimum compressive strength of 17 MPa and thermal conductivity (TC) between 0.4 -0.7 W/ mK. Class II is structural and insulating lightweight concrete with density of 800 -1400 kg/m 3 , compressive strength of 3.4 -17 MPa and TC value of 0.22 -0.43. On the other hand, Class III is insulating lightweight concrete with low density of 240 -800 kg/m 3 , low compressive strength within 0.7 -3.4 and low TC value of 0.065 -0.22 W/mK.
Lightweight aggregate concretes are produced by the incorporation of lightweight aggregates. The lightweight aggregates can be natural sources e.g. pumice [9] ), recycled materials (e.g. crushed clay bricks [9] , glass [15] , packaging foam [16] and lightweight block [10] ), expanded polystyrene [17] and expanded clay lightweight aggregates [18] . On the other hand, foam concretes with high void space with or without aggregates can be produced with the addition of foam agent (e.g. hydrogen peroxide [19, 20] , aluminium powder [21] and sodium carbonate [22] ) or preformed foam [23] . The presence of lightweight aggregate and foaming agent in geopolymer matrix introduces pores which affect markedly the density, porosity, mechanical strength and thermal conductivity of geopolymers.
The geopolymer foam usually possessed compressive strength below 10 MPa with density within the range of 200 -1200 kg/m 3 [24] [25] [26] [27] [28] [29] [30] [31] [32] . Even so, the thermal insulation properties were excellent [33] . Feng et al. [34] reported the TC value of as low as 0.07 W/mK for fly ash geopolymer foam. In addition, the geopolymer foam produced by Wu et al. [35] foamed using hydrogen peroxide has extremely low compressive strength of 0.68 -2.23 MPa, density of 150 -300 kg/m 3 and TC value of 0.0622 -0.0852 W/mK. Based on Sanjayan et al. [36] , lightweight geopolymer foam produced with aluminium powder had compressive strength of 0.9 -4.35 MPa. According to Zhang et al. [37] , the geopolymer foam had compressive strength commonly between 1 -10 MPa in the density range of 360 -1400 kg/m 3 . On due course, the geopolymer foam was regarded as Class III lightweight materials based on ACI owing to its low thermal conductivity and low compressive strength. Geopolymer foam could not be used for structural purposes. The mechanical strength and thermal conductivity of geopolymer foam were significantly affected by the porosity, pore size and density [38] .
In term of lightweight aggregate geopolymer concrete, Kupaei et al. [39] reported compressive strength of 9. [42] .
The incorporation of both lightweight aggregates and foaming agent in the formation of lightweight aggregate foamed concrete was investigated in this study. Based on previous research [43, 44] , lightweight aggregate foamed concrete has been produced using palm oil fuel ash and fly ash with oil palm shell as lightweight aggregate and Sika AER as the foam. The literature of lightweight aggregate foamed concrete was limited. Therefore, in this study, the bulk density, water absorption, porosity, compressive strength and thermal conductivity of lightweight aggregate foamed concrete incorporated with expanded clay aggregate and hydrogen peroxide was analysed and tested. The objectives of this work were to examine the effect of aggregate content and foam content in order to achieve lightweight aggregate foamed concretes with high strength but low thermal conductivity.
Experimental part Materials and method
Fly ash, collected from coal power plant of Manjung in Malaysia, was used as the aluminosilicate source. Table 1 tabulates the chemical composition of fly ash as determined using X-ray fluorescent (XRF). Based on ASTM C618 [45] , the fly ash is classified as Class F fly ash. Figure  1 shows the SEM micrograph of fly ash particles. The fly ash particle is spherical (microsphere) in shape with glassy surface.
Sodium hydroxide (NaOH) and liquid sodium silicate (Na 2 SiO 3 ) were used as the alkali activator. The NaOH pellet is caustic soda with 98% of purity. The liquid Na 2 SiO 3 has SiO 2 /Na 2 O modulus of 3.2 with viscosity at 20°C of 0.40 Pa·s. The NaOH 12M solution was prepared by dissolving NaOH pellets in distilled water and allowed to cool down to room temperature before use. Then, the alkali activator solution with Na 2 SiO 3 /NaOH ratio of 2.5 was prepared one day prior to mixing to allow for equilibration.
Lightweight expanded clay aggregate (LWA) was used as the coarse aggregate while river sand was used as the fine aggregate in order to produce lightweight aggregate geopolymer concrete (LWAGC) and lightweight aggregate foamed concrete (LWAFGC). The physical properties of LWA and river sand are presented in Table 2 . The LWA has spherical shape with rough and closed surface (Figure 2a ). The internal structure of LWA consists of well-distributed fine pores and voids ( Figure 2b ). The ratio of LWA to river sand was fixed at 2:3. In LWAFGC, hydrogen peroxide (H 2 O 2 ) with 30% w/w was added as the foaming agent. 
Preparation of LWAGC and LWAFGC
Fly ash and the prepared alkali activator (fly ash/activator ratio of 2.5) were mixed together in a mechanical mixer for 3 minutes to obtain a homogeneous paste. River sand was added into the paste and mixed for another 3 minutes. LWAs were then mixed into the mixture for another 3 minutes. The paste was casted into 100-mm moulds and cured at room temperature (29°C) for 24 hours followed by 60°C in oven for another 24 hours. After curing, the concrete samples were kept under room temperature until the day of testing.
For LWAGC, The total aggregate content of the paste was varied at 50%, 55%, 60%, 65%, 70% and 75% by mass. For LWAFGC, the hydrogen peroxide was mixed into the paste for 2 minutes followed by casting and curing process. The dosage of hydrogen peroxide was varied at 0.2%, 0.4%, 0.6%, 1.0%, 1.5% and 2.0% based the weight of fly ash. The detail of the concrete mixture is tabulated in Table 3 .
Testing and Characterization
The bulk density of LWAGC and LWAFGC was measured according to BS EN12390-7 [46] by measuring the dimension and mass of geopolymer. Water absorption test and porosity measurement were carried out as accordance with ASTM C642 [47] . The samples were oven-dried at 105°C until constant weight is obtained. The oven-dried weight was recorded. Then, the samples were immersed in water for 24 hours. The weights of samples immersed in water and surface dry samples were taken. The water absorption and porosity were calculated using Equations 1 and 2, respectively.
(1) (2) where W d is the dry weight, W a is the saturated weight in air and W w is the saturated weight in water. The bulk density, water absorption and porosity of geopolymers were measured after 28 days.
The compressive strength test was performed after 7 and 28 days using Mechanical Tester Shimadzu UH-1000 KNI as according to ASTM C109 [48] . The geopolymer sample was loaded at constant rate of 5 mm/min. The average compressive strength was based on three tested samples. Table 3 DETAIL OF GEOPOLYMER CONCRETE MIXTURE Thermal conductivity was measured after 28 days using the transient heat method with KD2 Pro thermal analyzer. The sample was drilled with diameter 4 mm drill and length of 60 mm. The RK-1 sensor was coated with thermal grease before inserted into the drilled hole to ensure good thermal contact between sensor and specimen. Measurement was taken at three drilled holes to obtain average reading.
A JSM-6460LA model Scanning Electron Microscopy (JEOL) was used to analyze in the morphology of fly ash, fly ash geopolymers, LWAGC and LWAFGC. Secondary electrons detectors were used for samples imaging. For microstructural analysis of fly ash, fly ash powder was examined. For fly ash geopolymer, LWAGC and LWAFGC, the specimen was fracture surface after compressive strength. The specimen for analysis was coated with palladium before analysis.
Results and discussions
Bulk Density, Porosity and Water Absorption Figure 3 shows the bulk density, water absorption and porosity values of geopolymer, LWAGC and LWAFGC. Fly ash geopolymers had bulk density of 1901 kg/m 3 . As already known, incorporation of lightweight aggregates and foaming agents introduce pores in the geopolymer matrix which is expected to reduce the density and hence increase the porosity and water absorption of LWAGC and LWAFGC [49] . The LWAGC exhibited bulk density of 1689 -1815 kg/m 3 . The bulk density reduced by approximately 8% as compared to fly ash geopolymer without LWA. On the other hand, the addition of foam further lowered the bulk density of LWAFGC to 1426 -1593 kg/m 3 (reduced by about 16% compared to LWAGC). The densities of LWAGC and LWAFGC recorded were still below 1850 kg/m 3 to be regarded as lightweight concrete as per ACI committee [50] .
Fly ash geopolymers exhibited porosity and water absorption of 20% and 11%, respectively. The high bulk density of fly ash geopolymers led to low water absorption Fig. 3 . Bulk density, water absorption and porosity of (a) LWAGC and (b) LWAFGC after 28 days and porosity compared to Luna-Galiano et al. [51] who recorded water absorption of 16% and 26% for fly ash geopolymers. Increasing total aggregate content (LWAGC50) increased porosity and water absorption. However, decreasing trend with further increasing total aggregate content was observed. The porosity and water absorption of LWAGC were in the range of 11 -27% and 6 -11%, respectively. Minimum porosity (6%) and water absorption (11%) with highest bulk density (1815 kg/m 3 ) were recorded for LWAGC70. The water absorption for LWAGC70 was comparable to those obtained by Abdulkareem et al.
[52] (10.7%) with the same proportion of LWA (expanded clay aggregate) and river sand and total aggregate content with respect to the paste. In addition, the bulk density reported in the study by Abdulkareem et al.
[53] was also lower (1439 kg/m 3 ) compared to LWAGC70. This was most probably due to the higher S/L ratio and activator ratio used in this study. The higher S/L ratio entailed higher solid content which increases the mass of geopolymers while higher activator ratio induces more silica for geopolymerization reaction to produce denser structure [54] .
LWAFGC added with foaming agent had higher porosity (28 -42%) and water absorption (11 -21%). The porosity and water absorption results complied to the bulk density result whereby the lower the bulk density, the higher the porosity and water absorption. Hydrogen peroxide decomposed in alkaline solution releasing oxygen gas which forms voids in the geopolymer mortar. This creates interconnect cell structure (open pores) that allows the penetration of water into LWAFGC. With increasing foam content, the porosity and water absorption increased. This statement has been well-agreed by other researchers [44] . Figure 4 shows the compressive strength after 7 and 28 days of LWAGC and LWAFGC. The compressive strength increased with ageing day for both LWAGC and LWAFGC [54] . Adding low content of LWA and river sand (50% total aggregate content) caused a reduction of compressive strength by 57% to 24 MPa after 28 days compared to fly ash geopolymers (56 MPa). The incorporation of weak and porous LWA lowered the density (Figure 3 ) and thus weaken the compressive strength of LWAGC. The compressive strength increased with increasing total aggregate content and maximized at 60 MPa with 70% total aggregate content (LWAGC70). Based on Posi et al. [55] , increasing LWA aggregate content decreased the compressive strength. It is supposed that the improvement of compressive strength of LWAGC is contributed by the strong interfacial transition zone (ITZ) between aggregate and geopolymer matrix as discussed in the later section. The high compressive strength was also due to the high bulk density (Figure 3 ).
Compressive Strength
Further increase in the aggregate content deteriorated the compressive strength. However, in this work, the proportion of LWA and river sand was fixed. The LWAGC was produced with increasing total aggregate content indicating more LWA and river sand while lesser binder content in the geopolymer mixture. It was believed that the reducing binder leads to poor bonding between aggregate and matrix (weak ITZ) that caused the degradation of strength for LWAGC75 [44] .
The compressive strength of 60 MPa after 28 days with bulk density of 1815 kg/m 3 [58] reported compressive strength of 20 -55 MPa for LWAGC with basaltic pumice aggregate. Notably, the compressive strength is strongly dependent on the density. The higher density of LWAGC reported in this work had highest compressive strength.
The addition of foaming agent further reduced the compressive strength of LWAFGC (Figure 4b) . The compressive strength of LWAFGC was in the range of 14 -20 MPa after 28 days with density range of 1426 -1593 kg/ m 3 . The strength reduction was averagely 72% with respect to LWAGC70 (Figure 4a ). This was expected due to the decrease in bulk density (Figure 3b ) as more pores are created by the foaming agent. With increasing content of foaming agent, more oxygen gas was released to form pores, the lower the compressive strength which was supported by Liu et al. [44] . However, in their study, lower compressive strength (13.5 MPa after 28 days) was reported for the LWAGC based on palm oil fuel ash and fly ash with oil palm shell as lightweight aggregate even though having the similar density with the LWAGC reported in this study. Besides, the compressive strength of LWAFGC was comparable (4.2 -23.7 MPa) for the Portland cement (PC) foam concrete incorporated with silica fume, fly ash and slag with similar density range [59].
The LWAGC and LWAFGC obtained in this study could be applied as structural lightweight concrete (Class I) as accordance to ACI committee [14] , aforementioned. Table  5 shows the comparative study of the strength-to-density ratio of geopolymers, LWAGC and LWAFGC. It was worth noting that the fly ash geopolymers, LWAGC and LWAFGC produced in this study have high strength-to-density ratio compared to those obtained by other researchers. A construction material with higher strength-to-density ratio is advantageous for lightweight high-performance structures as it could reduce the overall cost of construction while increasing the stability.
Thermal Conductivity (TC)
Thermal conductivity is an important measurement to determine the thermal insulation properties of a material. Low thermal conductivity indicates good thermal insulation. As seen in Figure 5a , the fly ash geopolymer exhibited TC value of 0.683 W/mK. Almost similar TC value has been obtained by Subaer & van Riessen [64] . Generally, geopolymer has 50% [34, 65, 66] lower TC than PC concretes with 1.5 W/mK [66] .
LWA addition in geopolymer was effective to reduce the TC of fly ash geopolymer by 83% due to the cellular structure of LWA. The TC of LWAGC was in the range of 0.09 -0.12 W/mK (Figure 5a ). Even with a higher bulk density (Figure 3a) , the TC value recorded for LWAGC was low compared to those reported by Wongsa et al. [9] in their study on fly ash LWAGC with crushed clay brick (0.62 -0.65 W/mK) and pumice aggregate (0.20 -0.22 W/mK). This might most probably due to the higher pore content of expanded clay aggregate compared to crushed clay brick and pumice aggregate. Almost similar TC was obtained by Colangelo et al. [17] for LWAGC with 65% of expanded polystyrene. However, extremely low compressive strength in the range of 0.32 -0.6 MPa was achieved. Higher TC was also concluded by Nematollahi et al. [15] for LWAGC with expanded glass (0.9 W/mK), perlite (1.1 W/mK) and ceramic microsphere (1.1 W/mK) having the similar density range as LWAGC in this study. The TC value was affected Fig. 5 . Thermal conductivity values of (a) LWAGC and (b) LWAFGC after 28 days significantly by the pore volume, pore distribution and density [38] , as well as other factors such as presence of impurities and/or minerals and the type of aggregate used [64] .
The TC of LWAFGC (0.07 -0.09 W/mK) further decreased by 46% with addition of foaming agent (Figure 5b ). The TC value was even lower than geopolymer foam without addition of lightweight aggregate. Based on Novais et al. [19] , fly ash-metakaolin geopolymer foam possessed TC of 0.08 W/mK and 0.22 W/mK with density of 440 kg/m 3 and 1100 kg/m 3 , respectively. Comparable TC value (0.06 -0.09 W/mK) was reported by Wu et al. [35] on fly ashmetakaolin geopolymer foam which is achieved with the extremely low density of 150 -300 kg/m 3 . Even so, the geopolymer foam exhibited extremely low compressive strength (0.68 -2.23 MPa) where it can only apply as insulating materials (Class III) based on ACI committee [14] .
The TC values complied with the density (Figure 3 ) and compressive strength result (Figure 4 ) whereby lower porosity results in higher density and compressive strength and thus higher TC value [37] . As already known, LWA and foaming agent formed bubbles in the geopolymer matrix which increase the total porosity of the LWAFGC. This caused the lowering TC of porous concrete as air has extremely low TC compared to solid or liquid. The correlation curve as shown in Figure 6 indicated that TC is proportional to density. The correlation coefficient was with R 2 = 0.8393. To recap, the LWAGC and LWAFGC with compressive strength of 60 MPa and 20 MPa, respectively and thermal conductivity of 0.12 W/mK and 0.09 W/mK, respectively, could be classified as the Class I lightweight concrete for structural application. At the same time, the low TC values enabled them to be insulating materials. The incorporation of lightweight aggregate and foaming agent achieved TC as low as geopolymer foam with minimal reduction in the compressive strength. With higher bulk density recorded, the thermal conductivity was low (Figure 7) . Fig. 7 . Comparison of (a) density versus TC and (b) compressive strength versus TC of lightweight concretes obtained in this study with those obtained by others [9, 17, 19, 23, 34, 67, 68] Microstructural analysis Figure 8 reveals the microstructure of fly ash geopolymer which shows smooth and compact matrix. The presence of remnant fly ash particles in conjunction with geopolymer matrix was typical for geopolymers. As seen in the microstructure of LWAGC (Figure 9 ), the LWA appeared darker with porous structure while the geopolymer mortar appeared dense and relatively smooth. The pores and voids in LWA caused the reduction of thermal conductivity (Figure 5a ). In overall, the indistinct ITZ with no cracking showed good interlocking between LWA and mortar (geopolymer matrix and sand). Besides, no clear pores could be detected in the ITZ of all LWAGC. It seemed that the geopolymer paste has penetrated into the rough surface of LWA. This implied that the rough surface of LWA could provide good adhesion between them [20, 54] and responsible for the excellent mechanical performance of LWAGC. In the geopolymer mortar, some pores were noticed especially for LWAGC75. Comparatively, the ITZ of LWAG75 was more loosely bound that is believed reduced the compressive strength (Figure 4a ).
Referring to the microstructure of LWAFGC (Figure 10 ), non-homogeneous and loose structure was seen in the geopolymer matrix. Obvious ITZ can be detected. As compared to LWAGC (non-foamed), the ITZ of LWAFGC appeared porous and loose due to the addition of foaming agent. This indicated a weaker bonding between aggregate and geopolymer matrix which was the significant reason for the strength reduction in LWAFGC. The weak ITZ became stress concentration point to initiate the failure of sample when compressive load is applied. According to Liu et al. [46] , the sustainability and distribution of external load of foamed concrete were restricted by high porosity.
In their study, large gap of ITZ was observed in LWAGC incorporated with oil palm shell induced by foam [45] . With increasing foam content, the ITZ became increasingly porous and loose with clear dividing line. This consequently led to decreased strength with increasing foam content (Figure 4b ).
Conclusions
This paper investigated the incorporation of expanded clay lightweight aggregate (LWA) and foaming agent in the formation of lightweight aggregate geopolymer concrete (LWAGC) and lightweight aggregate foamed geopolymer concrete (LWAFGC). High-strength LWAGC was achieved with excellent compressive strength of 60 MPa after 28 days with density of 1815 kg/m 3 and TC of 0.12 W/mK. The microstructure of LWAGC showed strong ITZ between geopolymer matrix and LWA. On the other hand, LWAFGC achieved high strength of 20 MPa after 28 days at low density of 1593 kg/m 3 with low TC of 0.09 W/ mK. Adding foaming agent reduced the strength of LWAFGC. The addition of foaming agent created pores which weaken the bonding between geopolymer matrix and LWA. However, both LWAGC and LWAFGC possessed high strength-to-density ratio which was advantageous as lightweight high-performance structures. Based on ACI, the LWAGC and LWAFGC were categorized as Class I lightweight concrete for structural purposes. Meanwhile, they can also be regarded as thermal insulating materials with the low TC values reported. Thus, the joint effect of LWA and foaming agent produced low thermal conductivity with low deterioration of compressive strength. 
